Importance of the Issues and Introduction
Evidence published in March 2013 suggests that the earth is now hotter than about ¾ of the last 11,000 years (Marcott et al., 2013) Developing countries generate a majority of global emissions, since 1992 have increased much faster than those from richer Annex 1 countries and are projected to reach 2/3 of greenhouse gas (GHG) emissions by 2030 (Stern, 2013) .
Finding areas of cooperation is therefore critical and an important area is land use change.
The UN Collaborative Programme on Reducing Emissions from Deforestation and Degradation
(REDD+) is a program by which FCCC Annex 1 countries provide support to non-Annex 1 countries, such as Nepal, in exchange for measurable additional carbon sequestration. These reductions are potentially important, because net deforestation and forest degradation account for between 12% and 20% of annual GHG emissions, which is more than all transport combined IPCC, 2007; (Pan et al., 2011; Saatchi et al., 2011; van der Werf, 2009) . Virtually all net deforestation occurs in developing countries, with an estimated net carbon source from tropical land use change of 2.4  0.4 Gt per year (Pan et al., 2011) . Total carbon stored in forests is 638 gigatons (UNFCCC, 2011) to 861 gigatons (Pan et al., 2011) , with over half above ground.
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While REDD+ is being rolled out, an important question is how to incorporate the approximately 25% of developing country forests that are managed by communities (World Bank, 2009 ). These community forests may contain significant carbon that could be protected under REDD+ and the collective action (CA) 3 they are engaging in may, even now, be sequestering carbon. Low-income developing countries' community forests provide products that are essential to the daily lives of billions of people, including fuelwood, forest fruits and vegetables, building materials and animal fodder (Cooke et al., 2008) . More effective CA leads to better management of these ecosystem services, reduced fuelwood, timber and fodder collections (Bluffstone et al, 2008) . It may also yield more biomass and carbon sequestration, because reduced pressures allow forests to regenerate (Beyene et al., 2015; Chhatre and Agrawal, 2009 .
We examine whether, using three different CA measures, forest CA in Nepal leads to larger carbon stocks per hectare. More carbon is not necessarily consistent with and can be inversely related to other potential measures of forest stand health, such as greater tree density per hectare, additional canopy cover and regeneration Stephenson et al., 2014; Coomes et al., 2012) . We therefore separately evaluate the effects of CA on all four forest quality measures.
We test our hypotheses using a nationally representative random sample of forest dependent communities and forests, some of which are part of and others outside the Nepal Community Forestry Programme (CFP). The CFP is the most important forest devolution program in Nepal, with over 18,000 registered forest user groups representing over 35% of the population.
The existence of the CFP makes Nepal an ideal setting for testing the hypothesis that forest CA sequesters carbon.
This treatment group is matched with an equal number of forests that are not part of the program. A total of 130 forests with 620 forest sample plots are analyzed and the effects of CA, including being part of a registered community forest (CF), are evaluated using panel data regression, OLS regression and nearest neighbor propensity score matching.
Our main findings are that within the existing institutional environment, CA has large positive effects on carbon stocks compared with open access, but these gains are not conditional on being formal CFs. Depending on our measure of CA, we are able to identify effects at both the forest and plot levels, especially when matched based on plot and forest characteristics. CF participation, which is our narrowest measure of CA, is found to have 14% more carbon compared with the mean when CF and non-CF (NCF) plots are explicitly matched, but we are unable to detect effects of CF program participation on carbon in our other three models. In Section 2 we provide very brief discussions of the Nepal community forestry experience and literature at the intersection of carbon sequestration and CA. Section 3 presents our methods.
Section 4 overviews results followed by conclusions, policy implications and areas for research.
Key Literature on Carbon Sequestration and Collective Action
Forests play a critical role in climate change, because they are a source of greenhouse gas emissions and offer sequestration opportunities (Chaturvedi et al., 2008) . Carbon sequestration in forests may also be particularly cost-effective climate investments (Strassburg et al., 2009; Kindermann et al., 2008 ). An estimated 15.5% of global forest is under the formal control of communities, providing key subsistence products and community control is increasing (RRI, 2014) . Using worldwide forest data and highly aggregated CA elements, Chhatre and Agrawal (2009) demonstrate there are both tradeoffs and synergies between carbon sequestration and community livelihoods. They suggest detailed studies to better understand the implications when 5 | P a g e forests are controlled by communities. In this vein, Beyene et al. (2015) evaluate the effect of local community forestry collective action on carbon sequestration in Ethiopia, but find minor effects. Yadav et al. (2003) , Gautam et al. (2003) and others claim that CFs in Nepal can help reduce forest degradation, which could imply less carbon emissions that should be credited under REDD+. Karky (2010) estimates that the opportunity cost of such carbon sequestration may be less than $1.00 per ton.
Nepal introduced the CFP in the late 1980s in the context of serious deforestation and forest degradation, because centralized forest management was not working (Guthman 1997; Hobley 1996, Springate-Baginski and Blaikie 2007; Carter and Gronow 2005 A variety of indicators are used to assess forest health and vitality, including tree and seedling density, crown cover and primary productivity measured as biomass and/or carbon stock, with higher levels indicating higher quality. 4 The relationships between these forest parameters have been extensively investigated. The main conclusion of this literature is that depending on individual tree and forest stand circumstances, these measures may not vary monotonically with each other. For example, depending on the situation higher carbon stocks may be associated with higher or lower levels of canopy cover, tree density and seedling regeneration (Stephenson et al., 2014; West et al., 2009; Enquist et al., 2009; Coomes et al., 2012) . In assessing the effects of an outside force such as CA on forests, these forest quality measures are therefore not expected to
give similar results and are most appropriately evaluated independently.
Assessing baseline carbon is critical for calculating carbon increments and a range of remote sensing and ground based methodologies are available. One widely used and important tool is the Normalized Difference Vegetation Index (NDVI), which is a measure of vegetative cover based on remotely sensed data. The NDVI is directly related to energy absorption by plant canopies (Sellers 1985; Myneni et al., 1995) , which is linked to carbon sequestration. Though it cannot be used to estimate carbon per se, the NDVI provides an important measure of baseline land quality.
Methods
This paper relies on forest and plot level data in CFs and NCFs. NCFs are government forests used by communities, but we emphasize that government forests are typically weakly controlled by the Government of Nepal. Terai, which is reflected in the sample. Larger forests in both the hills and Terai on average tend to be CFs. Figure 1 shows the spatial distribution, which is nationally representative. The number of plots was calculated for a 10% error and 95% level of confidence using Saxena and Singh (1987) . The sampled forests are of different sizes, with the smallest forest 1.1 and the largest 1088 hectares. Appendix 2 in the SI presents the distribution of plots across quintiles of the size distribution.
After forest boundaries were identified, sample plots were chosen using randomly generated GPS points. If a point proved inaccessible (e.g. on a very steep slope) or inappropriate (e.g. in a stream), additional points were generated. The GPS point served as the center of a circle with a total area of 250 m 2 and radius of 8.92 m. This 250 m 2 area was the sample area for estimation of tree biomass, where trees are defined as plants larger than 5 cm diameter at breast height (DBH) at 1.3 m above ground. Trees were counted on each plot (sample mean 14.3 trees) and heights measured using clinometers. Measured trees were marked with enamel or chalk to avoid double counting.
Forest carbon is comprised of tree and sapling biomass, leaf litter, dead wood, and soil organic carbon (IPCC, 2006) . In this paper only tree and sapling biomass are estimated.
Allometric equations from Chave et al. (2005) allow us to take account of DBH, tree height and species density in biomass estimates. Biomass is converted to carbon using the IPCC (2006) default conversion factor of 0.50. On average, sapling biomass is 3% of total biomass and the details on estimation are available in Appendix 2 in the SI.
+Environmental and community data were collected that are expected to affect biomass and carbon. Community data are directly collected for NCFs and equivalent CF data are taken from MoFSC (2013). Both sources use interviews with user group executive committee members.
Pairing communities with CF forests is straightforward, because forests and CFUGs are legally
approved. For NCFs we analyze the forests identified by users and/or leaders as the most important one used to collect subsistence products and for grazing. NCF identification presented other challenges, which are discussed in the SI Appendix 2.
Though our main interest is carbon sequestration and the possibility that CA and particularly the CFP sequesters carbon, we also analyze three other measures of forest health. Our first is number of trees per hectare, which allows for the possibility that carbon on a plot could consist of only a few trees. As discussed by Stephenson et al. (2014) even aged stands with large trees may grow more rapidly than other plots, but have fewer trees per plot. This could imply fewer trees with more carbon at the stand level.
The second measure is percent canopy cover from the center of each sample plot as estimated by field enumerators, which evaluates the extent of side branches in sample plots.
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Lower canopy cover in Nepal typically indicates that branches have been lopped for fuelwood and fodder, but can also indicate plots with large trees Enquist et al., 2009 in Appendix 4 we present models without these variables. We find that without these variables our estimated CA coefficients increase in magnitude without other changes.
In all models we adjust for baseline vegetation using the 1990 NDVI calculated from
Landsat data images collected in November/December 1990. These dates are before any of the group formation years in our dataset and three years before the Forest Act of 1993 that established CFs. During these months the sky is typically very clear in Nepal and images are unimpeded by 8 As discussed by Ostrom (1990; 2000; Though CF and NCF community variables are not significantly different, there are statistically significant ecological differences between CFs and NCFs, because most CFs are in the hills and NCFs are in the Terai. As expected, there are also differences in forest management participation, structure and quality, with CFs on average reported as performing better than NCFs.
Our hypothesis is that this better performance yields better forest quality, including carbon sequestration. Appendix 2 in the SI presents these results taken from our 1300 household survey, including Wilcoxen tests for mean differences and Appendix 4 presents tests at the plot level. 10 We thank Charles Maxwell for assuring clear imagery and estimating the NDVI.
We analyze the effect of our three CA metrics on four measures of forest quality (carbon, trees/ha, canopy cover and regeneration at both the forest and plot-levels. 11 In Appendix 4 we present the forest-level OLS and plot-level random effects models, but mainly focus our discussion here on average treatment effects using propensity score matching. Though not addressing unobservable factors affecting the probability of treatment (e.g. existence of strong leaders), matching on observables is an appropriate way to construct a counterfactual using observational data (Rosenbaum and Rubin, 1983) . Our independent variables and strategy for identifying the effects of CA on forest quality are presented in Appendix 3.
The treatments are CF, PROPOSEDorCF and CanIDFUGyear (for NCFs only to avoid conflating with CF status). All propensity scores are estimated using the full sample and are balanced, indicating that the treatments and constructed controls are comparable. Matching is only done within the region of common support of the propensity score, which assures we are analyzing comparable observations and are excluding unmatched observations. Propensity score details are discussed in section 4 and in SI Appendix 4.
Results
Average carbon is 92.4 tons, with 560 trees and just over 30,000 seedlings per hectare across our 130 forests. We see in Table 3 that NCFs with well-defined groups average more carbon per hectare than forests without an identifiable formation year. Whether forests are located in the hills, Terai or in total, average carbon per hectare is greater if formation year is identified. In the Terai, for example, forests without a clear group have only 70% of the carbon of those with an identifiable year. As shown in Appendix 4, open access plots are also more likely to have evidence of fire and erosion (with less average slope). The plot-level random effects models presented in the SI Appendix 4 reinforce the conclusion that CA is an important factor in carbon sequestration, but statistically significant effects come from broader CA vis-à-vis open access rather than formal CF certification.
CForProposed plots are again estimated to have better forest quality, including 26 tons more carbon (p < 0.10), 128 more trees (22% of the mean at p < 0.05) and 9900 more seedlings (p < 
Discussion and Conclusions
In this paper we use a random sample of CFs matched with NCFs that local experts specifically identified as best possible matches. Forest level propensity score estimates indicate a high degree of balance, suggesting treatment and control communities are comparable. We use forest quality measurement methods that are labor intensive, but also allow us to carefully estimate carbon for trees and saplings, count trees, evaluate canopy cover and examine regeneration.
Because on-the-ground estimation methods are used, we are also able to gather detailed plot level data that are shown to be important determinants of forest quality. Not surprisingly, we find that 1990 baseline vegetation matters for contemporary forest quality. Forests with measured CA in 2013 had lower or similar 1990 NDVI levels, suggesting that relatively worse forests and plots were subject to CA.
We find that within the existing environment collective action has important and generally positive effects on forest quality. Indeed, in all models, user groups with a well-defined establishment year sequester more carbon compared with NCFs that are open access. We believe this measure is an indicator of group clarity and therefore CA. It requires a group decision, which is important, but is not subject to sample selection because there is no formal opt-in decision.
We do not, however, find robust evidence that CFs sequester more carbon than NCFs or have better forest quality using our three other measures. As we have strong reason to believe and evidence that CA per se improves forest management and quality, it appears that some NCFs exhibit sufficient CA so that the CF program on balance adds little to forest quality. Indeed, NCFs in our sample report a variety of sophisticated CA behaviors, including written rules, clearly defined boundaries, etc.
It is not surprising that carbon is not higher in CFs than in NCFs, because operational plans do not include carbon values. It is, however, surprising that CA per se is so important for carbon sequestration when it is completely uncompensated. We would like to suggest that this result is really about savings. Carbon sequestration is a linear function of biomass, which can to a first approximation be referred to as "fuelwood" and "timber." In our view communities that engage in CA are not sequestering carbon, but are allowing forests to grow so later they can perhaps be harvested. Under current arrangements carbon sequestration is therefore impermanent. REDD+ could potentially secure more permanent carbon sequestration.
Our findings suggest that FCCC Annex 1 funders and non-Annex 1 governments would do well to support community CA. Such support may be important if to credit CA under REDD+ CF groups must be formed. CF formation can be costly 13 and there may also be a need for group facilitation and training. Our data do not allow us to track forest quality across time. This is a limitation that we have tried to minimize through careful random sampling and matching. It leaves unanalyzed, though, the social relationship between CA in CFs and NCFs. For example, the Nepal CFP could have engendered norms of behavior and disseminated methods (e.g. related to group formation, operation and management) that were adopted in some NCFs. Certainly, many of the observed CA behaviors are the same. We just do not know where non-open access NCFs got those behaviors. We conjecture that over time NCF communities have adopted practices from the CF system. 13 Author discussions with Kaski District forestry officers suggest that CF formation may cost upwards of $4000.
